Most structural materials existing in nature take the form of a composite. After centuries of evolution, these materials have gained highly optimized microstructures and performance. In this work, a natural biocomposite, chafer cuticle, was observed with SEM, and it was found that the insect cuticle has a laminated structure with chitin fiber and protein matrix. Special helicoidal layups of chitin fibers were found with the chitin fiber being of nanometer scale. The relationship between the nanometer scale of the chitin fiber and the fracture strength of the cuticle was analyzed. The results show that the nanometer scale of the chitin fiber is profitable to maintain and improve the fracture strength of the biocomposite.
Introduction
Insect cuticle, a natural material, possesses excellent strength, stiffness and fracture toughness, which owes to its highly optimized microstructure attained from natural evolution over a long period. Like many man-made advanced composites, insect cuticle has a fiber-reinforced and laminated microstructure which includes many favorable configurations. Research on the microstructure of insect cuticle may provide beneficial information for new methods of designing and improving advanced composites, especially those ultra lightweight composite for aircraft or spaceflight.
Based on differences in the main composition, an insect cuticle can be separated into two primary parts 1 : epicuticle and procuticle (Fig. 1) . The epicuticle is the outermost layer of the cuticle and consists primarily of waxes, lipids, and proteins without chitin fibers. This 0.1 to 3 µm layer mainly acts as an environmental barrier and contributes little to the mechanical properties of the cuticle. The procuticle, with thickness from about 10 to 100 µm, is the largest part of the cuticle and enables the cuticle to keep its shape and stability under external loading.
1 It can be divided into the exocuticle and the endocuticle, both of which are laminated materials consisting of fibers and a matrix. 2 The fiber is composed of a straight chain polymer of Nacety glucoseamine molecules called chitin. The matrix is composed primarily of various proteins as well as other organic and inorganic materials. The fiber and matrix laminated structure in insect cuticle has received much attention in the literature. Several models have been proposed for the specific fiber layup orientation. [4] [5] [6] The most widely accepted one is the helicoidal model proposed by Bouligand. 4 It describes the structure as a series of thin unidirectional sheets stacked one by one with the fiber orientation of each layup rotated sequentially by a nearly constant small angle. A variation of this model proposed by Neville 5 involves the same type of stacking sequence, except for the fibers in each ply are curved. Another model is the dual helicoidal model proposed by Schiavone and Gunderson. 6 It takes the structure as two alternating helicoids rotating in a clockwise direction from the outside to the inside of the cuticle.
In this paper, the laminated microstructures of chafer cuticle were carefully observed with a SEM. Particularly attention was paid to the special microstructure of the fiber reinforcing laminates of the chafer procuticle. The observations show that there is a helicoidal layup of chitin fiber in chafer cuticle, and these chitin fibers take on a nanometer scale. The significance of the nanometer scale of the chitin fiber and the arrangement of the fibers in improving and maintaining the fracture strength and the toughness of the biocomposite were investigated based on the Griffith criterion and the energy dissipation of fiber pull-out from matrix.
SEM Observation of the Laminated Microstructure of Chafer Cuticle
The cuticle of chafer is light but relatively tough, it can withstand large loads and reliably protect the body of the insect. These excellent mechanical properties are closely related to its microstructure, which were optimized by nature over a long period. A careful observation of the microstructure of chafer cuticle can help to gain insight into the mechanisms of its excellent mechanical properties, and give rise to new conceptions for the design of high-performance composites.
The sections of chafer cuticle adopted for observation are the elytra (a pair of hard outer "wings" which protect the inner wings and body of the insect) and the pronotum (a protective cover for the prothoractic, or upper section of the body) (see Fig. 2 ). A SEM was used for observing the various chafer cuticle microstructures, especially its laminated layup microstructure.
The samples were prepared by separating the elytra and pronotum from the chafer, cleaning them with a small brush and alcohol, drying them in a drier and then cutting them into samples with a scalpel along upright and transverse directions. Before SEM observation, the samples were fixed on a small metal pedestal with an adhesive fabric. About 10 nm of gold-powder was sputtered onto the surface of the sample. The observations were conducted on an Amray KYKY-1000B SEM with maximum voltage of 25 kV and magnification ranging from 20× to 12 000×.
The observation shows that the elytra and the pronotum of the chafer have laminated microstructures consisting of bio-fibers called chitin fibers and sclerotized or partially sclerotized bio-protein matrix (Fig. 3) . All chitin fiber plies are approximately parallel to the surface of the cuticle. These results are similar to that obtained by other researchers 4, 6 from other insects. The fiber reinforcing laminated structure has already been extensively used in aircraft and space shuttles, the advantages of which have been recognized and adopted to make materials stronger, tougher and lighter. More careful observations reveal that the fiber-layup microstructures of the cuticle have different forms, among which different kinds of helicoidal-layup microstructures are prevailing. Figure 4 kind of helicoidal-layup microstructure that often appears in the exocuticle of the pronotum. Here, one can find that a series of crossed-fiber layups continuously pile up with a circumvolving form. There is a helicoidal angle in the layup, the helicoidal angle is almost constant and is about 20
• . In addition, one can find that the chitin fibers take on fiber sheet form with the sheets parallel to the surface of the insect cuticle. A more careful observation of those chitin fiber sheets shows that the fiber sheets consist of more thin microfibers and the diameters of these microfibers are from several nanometers to tens of nanometers (Figs. 5 and 6 ). 
Critical Length Scale and Fiber-Pullout Energy of the Chitin Fibers

Critical length scale of the chitin fibers
The chitin fibers observed in the insect cuticle take on a nanometer scale. In this section, the reason that the chitin fibers in insect cuticle take on nanometer scale is analyzed based on the Griffith criterion. 7 Assume that a section of chitin fiber is embedded in a protein matrix (Fig. 7) , and its direction is parallel to that of the tension. The chitin fiber has higher Young's modulus while the protein matrix has lower Young's modulus. Most of the load is carried by the chitin fiber, and the protein transfers stress between the fibers via shear. Under these conditions, the chitin fiber must be able to sustain a large tensile stress without fracture. Namely, the fracture toughness of the composite is closely related to the ultimate strength of the chitin fibers. It is believed that a perfect (having not flaw) chitin fiber should possess an ultimate stress closed to its theoretical strength σ th . But, in fact, it is ineluctable that there are many defects or flaws in the chitin fiber. For example, a soft "protein inclusion" enters into the hard chitin fiber during the biomineralization process of the fiber. 7 Because the protein inclusion has a very low modulus as compared to that of the ambient chitin, which has a high modulus, the tiny flaw can be considered as a flaw in the chitin fiber as shown in Fig. 7 . The ultimate strength of the "flawed" chitin fiber will decrease, and this can be calculated using the Griffith criterion 7 :
where η is the surface energy and d is diameter of chitin fiber. The parameter α depends on the crack geometry and is approximately equal to √ π for the half-cracked chitin fiber. 7 E C is the Young's modulus of chitin, φ is the volume concentration of chitin. σ th and σ C b are the theoretical and fracture strength of the chitin fiber, respectively. A critical length scale of the diameter of chitin fiber can be presented by 7 : below which the fracture strength of a flawed chitin is identical to that of a perfect chitin.
7 Taking a rough estimate γ = 2 J/m 2 , E C = 200 GPa, and σ th = E C /40, the chitin fiber can be estimated as d * = 50 nm. This length scale indicates that the nanometer size of chitin fibers in biocomposites may be the result of fracture strength optimization.
7 When the fiber size exceeds this length scale, the fracture strength is sensitive to structural size and the material is sensitive to crack-like flaws and fails by stress concentration at crack tips. As the fiber size drops below this length scale, the strength of a chitin fiber is ensured and the effect of flaws on material strength can be neglected.
7 This is why the chitin fiber in insect cuticle takes on a nanometer scale length scale.
Fiber-pullout energy of chitin fiber
The increase in the energy dissipated when pulling fibers out from the matrix is the main mechanism to increase the fracture toughness of insect cuticle. Assume that chitin fibers embedded in a matrix were straight and parallel to the direction of traction (Fig. 8) , the work done by pulling the fibers out from matrix can be estimated with
where W p is the work dissipated, V f and τ z are the fiber volume fraction and the shear stress of the fiber and matrix interface, D is the interval between two lacuna in the fibers, 8 which corresponds to the length of the pullout part of a fiber and d is the diameter of the fiber. It can be seen from Eq. (3) that the larger the fiber volume fraction V f , frictional force between fiber and matrix τ z and the interval of two lacuna D, the more the work will be dissipated. The larger the diameter d is, the less the fracture work of the "fibers" will be. This illustrates why the volume fraction of the chitin fibers is so large (about 90%) and their size is so small (nanometer scale) in insect cuticle of the highest fracture strength and fracture toughness.
Conclusion
The SEM observation of chafer cuticle reveals that the chafer cuticle is a laminated composite that consists of biological chitin fibers and a protein matrix. The plies of chitin fibers are almost parallel to its surface, which is similar to the conventional composites. There are different forms of layup including multifold helocoidal ones. The kinds of microstructure found depends strongly on the local state of stress. The diameters of the chitin fibers take on a nanometer scale. These peculiar microstructures and nanometer scale make the chafer cuticle possess excellent comprehensive mechanical properties which use less material. The high fracture strength of the cuticle is closely related to the nanometer scale of the chitin fibers and the mechanism of energy dissipation when pulling the fibers out from the matrix.
